Abstract: A highly sensitive temperature sensor was made by use of a sidehole glass fiber filled with indium metal and its optical properties were investigated. The temperature sensitivity of the fiber-optic temperature sensor was dλ/dT= −7.38 nm/K at 1500 nm. The temperature sensitivity was also examined in the sensors made by the different lengths of the side-hole fiber and the indium filled fiber region. The temperature sensitivity could be varied in the range of −1.83 to −7.38 nm/K by changing the relative length between the side-hole fiber and the indium filled fiber region.
Introduction
Fiber-optic sensors based on glass optical fibers have been extensively studied since glass fibers have attractive features such as high sensitivity, time and spectral multiplicity, large chemical stability, and device compactness. Various types of fiber-optic temperature sensors have been exploited, especially, fiber Bragg gratings and long-period fiber gratings have attracted great interest in temperature sensing applications [1] [2] [3] . However, the fiber sensors have several drawbacks such as a high sensitivity to bending and polarization and a low sensitivity to temperature. On the other hand, fiber-optic sensors based on birefringent fibers have shown several advantages; high temperature sensitivity, robust characteristics on bending and polarization, and large tunability on a spectral bandwidth [2, 4] .
Up to now, various optical fibers have been incorporated with metals and their properties such as electro-optic effect [5] [6] [7] , current induced birefringence change [8] , metallic mode confinement [9] , and surface plasmon resonance [10] were investigated. Recently, we have demonstrated a new type of birefringent fiber which has an elliptical core and the side holes filled with metals [11, 12] . The temperature sensitivity of the fiber was significantly enhanced by filling the holes with metals having large thermal expansion property. In particular, the side-hole fiber filled with indium metal exhibited very large temperature sensitivities on wavelength shift (dλ/dT= −6.3 nm/K) and birefringence change (dB/dT= −3.32×10 -6 /K), and they were 10 and 60 times larger than those of the fiber without the metal, respectively [11] .
More recently, we have proposed a fiber-optic temperature sensor with the high temperature sensitivity as well as the simple end-face optical configuration [13] . The sensor was composed of a side-hole fiber connected to a fiber pigtailed polarization beam splitter and the end-face of the side-hole fiber was mirror coated with aluminum. The end region of the side-hole fiber was filled with indium and it was used as a sensing element of the device. The proposed fiber-optic sensor was found to have the very large temperature sensitivity of dλ/dT= −7.5 nm/K at 1400 nm and it was much larger than that of the most sensitive sensors reported so far, dλ/dT= −1 to −2 nm/K [2, 4] . In this study, we made fiber-optic temperature sensors with different lengths of the side-hole fiber and the indium filled fiber region, and the optical properties of the sensors were experimentally investigated and compared with the theoretical expectation. It was found that the optical properties of the sensors were strongly affected by the relative length between the side-hole fiber and the indium filled fiber region.
Experiments
Using the conventional modified chemical vapor deposition (MCVD) process, an optical fiber preform with a germanium doped core was fabricated and the two holes beside the core of the preform were made by the mechanical drilling process. The preform was drawn into the sidehole fiber with an elliptical core and the hole was slightly collapsed to introduce the fiber birefringence. During the fiber drawing process, the drawing temperature and the drawing speed were properly controlled to make the fiber with the cladding and hole diameters of 125 and ~20 μm, respectively. Molten indium at 180 o C was infiltrated into the side-holes of the fiber by the aid of nitrogen gas at a pressure of ~27 bar [7, 11, 14] to introduce the large thermal expansion property mismatch from silica glass with α= 5.5×10 -7 /K used as the fiber cladding material. It is noted that the thermal expansion coefficient and the melting temperature of indium were α= 32.1×10 The schematic structure of the fiber-optic temperature sensor is presented in Fig. 1 . The optical configuration of the sensor was similar to the polarimetric interferometer [7] and the sensing part of the device was made by the side-hole fiber filled with indium. Up to now, most fiber-optic temperature sensors made by birefringent fibers have been studied with the Sagnac fiber-loop interferometer. Compared with the sensor in the fiber-loop configuration, the straight end-face type sensor exhibits the advantages of simplicity and compactness in the device structure. In a fiber-optic sensor (Sensor A), the total length of the side-hole fiber was 100 cm (L) and the length of the indium filled fiber region was 20 cm (L m ). The end of the side-hole fiber was mirror coated with aluminum to increase the optical reflection. Broadband light was launched into the input port of the fiber pigtailed polarization beam splitter (PBS) and was coupled to the side-hole optical fiber after passing through the transmitted fiber port of the PBS. Then, the light was back reflected at the aluminum coated fiber end, and the output spectrum was measured using an optical spectrum analyzer (Ando, AQ 6317B). A fiber polarization controller was used to optimize the interference fringe spectrum. The 50 cm-long part (L p ) of the side-hole fiber from the end-face, including the 20 cm-long fiber region filled with indium, was heated in the temperature of 25 to 83 o C using an electrically controlled thermal chamber. Thus, the heated length of the side-hole fiber without indium inside the thermal chamber was 30 cm (L n =L p −L m ). As a reference, the characteristics of the fiber-optic sensor made by the side-hole fiber without indium were examined with the same experimental conditions such as the total length of the sensor fiber, the heated length of the fiber, and the temperature range.
Fiber-optic temperature sensors were also made by using different lengths of the side-hole fiber and indium filled fiber region and their optical properties were investigated. In the Sensor B, the 50 cm-long side-hole fiber with the 2 cm-long indium filled fiber region filled indium was used. In the other cases, 25 cm-long side-hole fibers with 2 and 5 cm-long fiber regions filled with indium were used for the fiber Sensors C and D, respectively. Temperature sensitivities of the sensors with the different features were examined with the same experimental procedure conducted for the Sensor A. The sensor fibers were connected to the transmitted fiber port of the PBS and the 50 cm-long fiber regions from the end-face including the indium filled fiber regions were heated using the thermal chamber, then the output spectra were investigated during the elevation of the temperature up to 85 o C.
Operation principle
The transmission properties of the Sagnac loop interferometers (SLIs) made by the birefringent side-hole fibers filled with metals have been described in the previous studies [11, 12] . On the basis of the similar consideration, the operation characteristics of the fiber-optic temperature sensor made by the indium filled side-hole fiber were exploited in this study. The transmission of the fiber-optic sensor is given by the periodic form,
, where φ is the birefringence induced phase difference between the principal polarization modes of the fiber core. Since light propagates the round-trip of the sensor fiber, the phase difference becomes twofold from that of the conventional SLI and is expressed as πBL/λ 4 φ = , where B is the fiber birefringence, λ is the wavelength, and L is the length of the side-hole fiber. The fringe spacing, the spectral separation of the interference fringe in the transmission, is given
[16]. The sum of the phase differences arisen at each of the segmented fiber regions gives the total phase difference, t φ , as follows,
where B m L m and B n L n are the birefringence-length products for the fiber regions with and without indium inside the heating chamber, respectively, and B 0 L 0 is the product for the fiber region without indium outside the chamber. In the equation, B indicates the effective fiber birefringence that manifests the overall property of the side-hole fiber. From Eq.
(1), the fringe spacing is expressed as the function of the birefringence-length products of the segmented regions,
Therefore, the birefringence, B m , in the fiber region with indium at the varied temperature is derived as,
As a reference, the birefringence, B n , in the fiber region without indium can be obtained by use of the reference side-hole fiber without indium,
The variation of the fiber length owing to the thermal expansion property of the fiber is ignored in the equations. The fiber birefringence, B s , soley induced by indium can be estimated by subtracting B n of the reference fiber from B m of the fiber with indium,
From Eq. (2), the temperature derivation of the phase difference gives,
During the variation of the temperature, the wavelength shift with the constant fringe spacing (in the left side) can be obtained from the temperature derivation of the birefringence-length product terms at the fixed wavelength (in the right side) [17] , thus the equation becomes as, Table 1 ). Thus, the equation becomes
Since the magnitude of δB n /δT= −2.70×10 -8 K -1 in the fiber without indium is much smaller than that of the fiber with indium (δB m /δT= −3.30×10 -6 K -1 ) as shown in this study, thus using Eq. (3) and B n ≈ B 0 we can make further approximation as follows, 
and
Therefore, the temperature sensitivity of the wavelength shift increases with the increase of the temperature sensitivity of the fiber birefringence and the sensitivity is the function of the wavelength (λ), the fiber birefringences (B s , B n ), and the ratio between the whole length of the side-hole fiber and that of the indium filled fiber region (L/L m ). Using the measured birefringent properties of the fiber (B s =9.54×10 -5 , B n =1.06×10 -4 , and δB m /δT= −3.30×10
at 1500 nm) listed in Table 1 Figure 2 shows the measured output spectra of the Sensor A with indium and the reference sensor without indium. The periodic interference fringes were found in the spectra. In the reference sensor, the fringe spacing was 10.62 nm at 34.4 o C near the wavelength of 1500 nm. The spacing decreased to 9.46 nm in the Sensor A with indium at the similar temperature of 35.2 o C and this is due to the birefringence increase induced by indium with the larger thermal expansion coefficient than that of the cladding material, silica glass [11] . In the reference sensor without indium, the interference fringe near 1500 nm slightly shifted (3.9 nm) to the shorter wavelength during the temperature increase from 34.4 to 42.8 o C. The blue shift was attributed to the decrease in the fiber birefringence during the increase of the temperature as explained in the previous studies [2, 4, 11] . In the fiber sensor with indium, the interference fringe shift was very remarkable and the amount of the blue shift was 51.5 nm during the elevation of the corresponding temperature range from 35.2 to 42.2 o C. Figure 3 compares the magnitude of the wavelength shift of the interference fringe near 1500 nm in the fiber-optic sensors during the temperature increase from 25 to 83 o C. In the reference sensor made by the side-hole fiber without indium, the amount of the wavelength shift was ~35 nm during the temperature increase of 60 o C. In the Sensor A with indium, on the other hand, the corresponding wavelength shift was increased more than 12 times and the shift was 437 nm upon the temperature change. The temperature sensitivity of the wavelength shift, dλ/dT, of the sensor with indium was −7.38 nm/K, and this was one order larger than the value, −0.70 nm/ K, of the reference sensor.
Results
The birefringences of the side-hole fiber filled with and without indium were investigated to clarify the large temperature sensitivity of the fiber-optic sensor. -2 nm/K) was much larger than that of the reference sensor. From the measured fringe spacings, the fiber birefringences in the fiber regions with and without indium were calculated using Eqs. (4) and (5) and the results were shown in Fig. 4(b) . The birefringence in the fiber region without indium, B n , was 1.059×10 -5 at 24. with indium was dB m /dT= −3.30×10 -6 and the sensitivity was 122 times enhanced from that of the fiber without indium. The fiber birefringence solely induced by indium, B s , was also investigated using Eq. (6). The birefringence was 9.54×10 -5 at 25.4 o C and also significantly decreased to −8.67×10
-5 at 82.7 o C and the temperature sensitivity, dB s /dT, was −3.28×10 -6 . It is interesting that the sign of B s changed from positive to negative near 55 o C. This unique birefringence property can be explained by the compensation effect between the tensile stress from the thermal expansion of indium (positive effect to the birefringence) and the compressive stress from the applied gas pressure during the indium infiltration process (negative effect to the birefringence) [18] . The positive effect on the birefringence by the thermal property of indium decreased with the increase of temperature while the negative effect on the birefringence by the applied gas pressure was not changed regardless of temperature, thus the birefringence became negative at temperature near 55 o C. In Table 1 , optical characteristics of the fiber-optic sensor with indium (Sensor A) and the reference sensor were summarized. As a material property the temperature sensitivity of the birefringence was considerably enhanced by incorporation of indium in the side-hole fiber, thus the dS/dT and dλ/dT which depend on the birefringence property of the fiber also increased. Using Eq. (12) with the fiber lengths (L=100 cm, L m =20 cm) and the measured birefringent properties (B m and dB m /dT) shown in the table, the temperature sensitivity of the wavelength shift was estimated to be dλ/dT=1500×(−3.30×10 Sensor C. The length dependent fringe spacing was well explained by Eq. (3). Since the phase difference increased with the increases of the fiber length and the birefringence, the fringe spacing decreased by the increase of the side-hole fiber length and also by the increase of the length of the indium filled region even with the side-hole fiber length fixed at constant. Thus, the fringe spacing of the sensor can be varied by properly changing the lengths of the sidehole fiber and the indium filled fiber region as well. cm, L m =5cm), and the sensitivity became similar to that (−7.38 nm/K) of the Sensor A with the same R. Figure 6 (b) represents the wavelength shift sensitivity with the fiber length ratio between the side-hole fiber and the indium filled region. The sensitivity was fitted by y= a/(1+1.11x) from the theoretical expectation with Eq. (12) . The fitting result of a= −47.68 was similar to the value, −51.89, obtained by using the measured birefringent properties of the fiber (B s , B n , and δB m /δT) as already described in Part 3.
The optical properties and the dimensions of the side-hole fibers used in the sensors were summarized in Table 2 . Based on the experimental demonstrations as shown with Figs. 5 and 6, we can deduce that the magnitudes of the fringe spacing and the temperature sensitivity can be controlled by changing the lengths of the side-hole fiber and the indium filled fiber region. Therefore, the advantageous characteristics of the fiber-optic sensor such as the high temperature sensitivity, the linearity in the wavelength shift, and the controllability in the fringe spacing and the sensitivity make the sensor a potential device for temperature sensing applications.
Conclusion
A fiber-optic temperature sensor based on the side-hole glass optical fiber filled with indium metal has been made and the optical characteristics of the sensor were experimentally investigated. The fiber-optic sensor exhibited the very high temperature sensitivity of dλ/dT= −7.38 nm/K and the sensitivity was varied by changing the relative length between the sidehole fiber and the indium filled fiber region. The dependence of the temperature sensitivity on the relative fiber length was in agreement with the theoretical expectation. It was also found that the temperature sensitivities of the fringe spacing and the fiber birefringence significantly increased more than 49 and 120 times by the incorporation of indium, respectively. The enhancement of the temperature sensitivities resulted from the large thermal expansion property of indium filled inside the fiber.
